• Novel therapeutic approaches for treatment of acute myeloid leukemia are urgently needed.
Selectiveinhibitors of nuclear export (SINE) are emerging as a potentially efficacious therapeutic strategy for overcoming resistance to conventional chemotherapy for acute myeloid leukemia. SINE specifically block the protein Exportin 1, also known as chromosomal region maintenance 1, leading to nuclear retention of cargo proteins, including several tumor suppressor proteins. Selinexor, a first generation SINE, is currently in early phase clinical studies in various combinations with promising antileukemic and proapoptotic activity. Here we discuss the mechanism of action of SINEs and further elaborate on the clinical data available from the various trials in acute myeloid leukemia. Acute myeloid leukemia (AML) is a heterogeneous disease characterized by expansion of clonal myeloid precursors in the bone marrow and blood. Unfortunately, little improvement has been made in long-term outcomes for AML patients, in whom the 5-year overall survival (OS) is estimated at 26.9% [1] . Standard induction therapy for AML has remained largely unchanged over several decades. Induction chemotherapy with an anthracycline and cytarabine is considered a standard therapeutic approach for patients who are able to tolerate an intensive approach to treatment. Furthermore, the addition of other cytotoxic agents such as thioguanine, fludarabine, cladribine or etoposide to the backbone of standard induction therapy with anthracycline and cytarabine has not translated into meaningful improvements in the overall outcomes [2, 3] . Although intensification of the anthracycline dose has improved survival in younger patients, the same benefit was not observed in older patients or those with adverse cytogenetics [4, 5] . More recently, new drugs such as midostaurin and CPX-351 have been shown to improve survival in FLT3-mutated patients or patients with secondary AML, respectively, however even with these new treatment options, the majority of AML patients ultimately relapse and succumb to their disease [6, 7] . Outcomes are, of course, particularly poor in those with secondary AML or adverse-risk cytogenetics [8, 9] . With increased understanding of the pathways that allow for leukemia stem cell survival, along with their potential as therapeutic targets, new approaches are being investigated that have the potential to improve overall outcomes. Role of exportin-1 in AML Exportin-1 (XPO1), also known as chromosome maintenance protein 1 (CRM1), is a nuclear export receptor involved in the cytoplasmic translocation of tumor suppressor proteins (TSPs) including p53, p21, p27, p73, nucleophosmin-1 (NPM1), protein phosphatase 2, forkhead box protein O3 (FOXO1), β-catenin/antigenpresenting cell, topoisomerase II and NF-κβ/inhibitory nuclear factor κβ [10, 11] . Nuclear export of TSPs leads to inactivation of these proteins and allows the malignant cells to evade apoptosis. Kojima et al. have demonstrated that increased expression of XPO1 is associated with higher risk AML and shorter OS [12] . Using the reverse phase protein array on 511 newly diagnosed AML patients, levels of XPO1 were profiled to assess prognostic impact. Higher levels of XPO1 were significantly correlated with higher marrow blast percentages, white blood cell counts, peripheral blood blast percentages and absolute peripheral blood blast count. In patients with favorable risk cytogenetics, expression of XPO1 was significantly lower compared with those with intermediate risk or adverse-risk cytogenetics (p = 0.029). Moreover, previous studies have found that higher expression of XPO1 is associated with AML with FMS-like tyrosine kinase 3 (FLT3) mutations which is a known adverse molecular finding [12] [13] [14] . Additionally, increased XPO1 levels were identified as an independent negative predictor of OS in a multivariate analysis. In patients with high XPO1 expression, the median OS was only 37 weeks, compared with 66 weeks in patients with low XPO1 expression (p = 0.007) [12] . Forcing nuclear retention of TSPs will theoretically restore the normal function of these proteins and serves as a rational therapeutic strategy in AML.
Selective inhibitors of nuclear export: mode of action & preclinical studies
Selective inhibitors of nuclear export (SINE) are small molecules that prevent the shuttling of intranuclear TSPs into the cytoplasm. In turn, this restores the functionality of TSPs allowing for maximum proapoptotic and antileukemic activity [15] . These novel, orally bioavailable compounds (referred to from here onwards as KPT-SINE), specifically and irreversibly bind to XPO1, thereby blocking its function as a nuclear export protein. Binding of KPT-SINE to the cysteine 528 residue of XPO1 alters the protein conformation such that it is unable to bind TSPs, subsequently blocking their normal efflux from the nucleus (Figure 1) . Ranganathan et al. initially demonstrated that treatment with KPT-SINE results in cell cycle arrest at the G1 phase, along with a concomitant decrease of cells in S phase and G2/M phase. As such, this blocks the proliferation of AML blasts resulting in apoptosis [16] . Moreover, KPT-SINE reduces the level of functional XPO1 expression which contributes to greater intranuclear accumulation of XPO1 cargo proteins. In AML xenograft mouse models, treatment with KPT-SINE resulted in a reduction of the overall leukemic burden and significantly prolonged survival [16] .
The antileukemic effect of XPO1 inhibitors was apparent across various genotypes and molecular subgroups. Kojima et al. demonstrated induction of full length p53 protein and p53-dependent proapoptotic activity [12] . Cells from AML patients exhibited lower sensitivity to KPT-SINE if they harbored TP53 mutations compared with the wild-type TP53 protein suggesting that an intact TP53 protein is required for an antileukemic effect. It has been well documented that cytoplasmic accumulation of nucleophosmin 1 (NPM1) occurs in NPM1-mutated (NPM1 mut ) AML [11, 16] . With inhibition of XPO1, NPM1 mut is retained in the nucleus rather than being exported into the cytoplasm. The IC 50 of KPT-SINE is lower in cytogenetically normal AML patients who also harbor a NPM1 mut , indicating higher vulnerability of this specific population to XPO1 inhibitors [16] . Treatment of AML cell lines and AML patient samples with KPT-SINE decreased the level of XPO1 protein and led to intranuclear accumulation of the XPO1 cargo proteins, specifically p53 and NPM1, allowing for restoration of their normal cellular function [16] . Post-transcriptional changes caused by KPT-SINE also led to a robust down-regulation of the total FLT3 protein level and the oncogenic c-Kit protein in both AML cell lines and primary AML patient samples irrespective of the mutational status [12, 16] .
Another mechanism by which KPT-SINE leads to reduced leukemic burden is by promoting differentiation of leukemic blasts. This has been shown in preclinical studies with AML cell lines where investigators noted a significant increase in the expression of the cell surface myeloid differentiation marker, CD11b, after treatment with KPT-SINE. Along with the flow cytometric assessment, morphologic evaluation of the AML blasts also revealed changes consistent with differentiation; namely increased granulation and chromatin condensation [16] .
Ranganathan and colleagues have explored the synergism of KPT-SINE and cytotoxic chemotherapy given the interaction between topoisomerase (Topo) II and XPO1 [16] . Mutations in Topo IIα lead to the localization of this enzyme in the cytoplasm resulting in resistance to Topo II inhibitors in lung cancer. Although such mechanisms of resistance have not specifically been explored in AML, it is known that the export of Topo II is XPO1 dependent [17] [18] [19] . Functionally, Topo II inhibitors such as anthracyclines induce DNA cleavage complexes and cell death. This function is disrupted when the enzyme is exported out of the nucleus. To this end, Ranganathan et al. evaluated the combinatorial effect of KPT-SINE (namely selinexor, discussed below) and Topo II inhibitors (idarubicin, etoposide, mitoxantrone and daunorubicin) in AML cell lines and primary AML patient samples [20] . Combination treatment not only restored the Topo IIα to the nucleus, but also led to down-regulation of the DNA damage repair proteins Chk1 and Rad51, as well as mismatch repair proteins MSH2, MLH1, PMS2 and MSH6, ultimately leading to apoptosis. Moreover, levels of c-Myc, which is a positive regulator of Rad51 and Chk1, are greatly reduced in AML cell lines after treatment with selinexor.
Given the broad mechanisms of antileukemic activity, along with its functionality across various cytogenetic and molecular genotypes, KPT-SINE represents a rational and promising therapeutic option in AML. Several clinical trials have explored the efficacy of KPT-SINE in AML. The most well-studied compound to date is selinexor (KPT-330), which has been used as a single agent and in combination with various cytotoxic agents in multiple early phase clinical trials. On the basis of synergism between KPT-SINE and Topo II inhibitors, several clinical trials have combined selinexor with topo II inhibitors and other DNA damaging agents and will be described below [20] [21] [22] .
Selinexor (KPT-330) in clinical studies
Selinexor (KPT-330) is a first generation, orally bioavailable, SINE that has been extensively studied in multiple early phase clinical trials in AML (Table 1) . Selinexor has been used as a single agent and in combination with cytotoxic chemotherapy in previously untreated AML and relapsed or refractory AML patients.
Selinexor in treatment-naive adverse risk AML A Phase I clinical trial with selinexor in combination with daunorubicin and cytarabine (7 + 3) enrolled 21 patients with previously untreated, adverse risk AML, and demonstrated encouraging activity (NCT02403310) [21] . The median age of patients enrolled was 68 years, and 43% of patients were ≥70 years of age. Early results were presented at the American Society of Hematology Annual Meeting in 2016. The primary end point of the study was the maximal tolerated dose (MTD) and recommended Phase II dose (RP2D) of selinexor. The MTD was not future science group www.futuremedicine.com reached and the RP2D of selinexor was 80 mg p.o. twice weekly. At completion of the dose escalation phase, an additional 13 patients were enrolled in an expansion phase at the RP2D. At the time of data cut-off, all 21 patients were evaluable for safety and 18 patients were evaluable for response. The 60-day mortality was 4.8%. The most common treatment emergent, grade 3/4 nonhematologic adverse events were febrile neutropenia (76%), diarrhea (29%), asymptomatic hyponatremia (32%) and sepsis (19%). In terms of the efficacy, ten patients (56%) achieved a complete remission (CR) or CR with incomplete count recovery (CRi). Among the responders, one (10%) patient required a second induction. With a median follow-up time of 8.5 months among the responders, 60% remained in CR/CRi, 80% were still alive and 50% had proceeded to allogeneic stem cell transplant (allo-HSCT) [21] . Based on the promising results seen in this Phase I study, a similar Phase II trial is being developed.
Selinexor as a single agent in relapsed/refractory AML The efficacy and tolerability of single-agent selinexor was first evaluated by Garzon et al. in a multicenter Phase I clinical trial that enrolled 95 AML patients (NCT01607892) [23] . Eligible patients included adults with relapsed or refractory AML, those over the age of 60 with treatment-naive AML with antecedent hematological disease or unfavorable cytogenetics, or patients age ≥70 years who were unfit for intensive chemotherapy. The median age of patients enrolled on this trial was 70 years. Selinexor was safe and well tolerated in these older adults.
The most common grade 3/4 treatment-related adverse events were thrombocytopenia (20%), anemia (17%), fatigue (14%) and neutropenia (13%). The most common nonhematologic toxicities (all grades) were fatigue (59%), anorexia (55%), nausea (55%), diarrhea (40%), vomiting (38%), weight loss (28%), dysgeusia (20%), asymptomatic hyponatremia (22%) and blurred vision (16%), however, most were grade 1/2. In spite of being low grade, many of the gastrointestinal-related adverse events, including diarrhea, nausea and anorexia, led to dose interruptions and subsequent dose reductions. The ability of selinexor to penetrate the blood-brain barrier is likely responsible for toxicities such as anorexia, nausea and cerebellar symptoms. Out of 81 evaluable patients, the overall response rate was 14%, including seven patients (9%) with CR or CRi. Given the AE profile, pharmacokinetic data and lack of a clear MTD based on dose-limiting toxicities, a flat dosing of 60 mg twice weekly was chosen for the subsequent Phase II study [23] .
The randomized Phase II clinical trial Selinexor in Older Patients with Relapsed/Refractory AML (SOPRA) was a multinational study of single-agent selinexor in patients ≥60 years of age with relapsed or refractory AML who were ineligible for intensive chemotherapy. A total of 176 patients were enrolled (NCT02088541). Patients were randomized in a 2:1 fashion to selinexor 60 mg twice a week versus physician's choice (PC). PC included best supportive care, low dose cytarabine or hypomethylating agents. All patients were required to have failed treatment with at least two cycles of an hypomethylating agent prior to enrollment. The primary end point was OS. Results from an interim analysis were announced in March 2017. Although the CR/CRi rate in the selinexor arm was higher than the PC arm (13 vs 3%, respectively), the early data suggested that this trial was not going to meet its primary end point of improved OS and the study was stopped early due to futility [24] .
Selinexor plus chemotherapy in relapsed/refractory AML Selinexor was combined with fludarabine and cytarabine in a Phase I study in pediatric patients (age ≤ 24years) with relapsed or refractory leukemia including AML, acute lymphoblastic leukemia, myelodysplastic syndrome or mixed phenotype acute leukemia (NCT02212561) [25] . Of the 17 patients enrolled on this study, 15 had AML and two had mixed phenotype acute leukemia. Ten patients had previously undergone an allo-HSCT. Selinexor dosing was weight based, and the drug was given twice weekly for 2 weeks prior to beginning induction chemotherapy. Bone marrow biopsies were done on day 15 to assess response to single agent selinexor, prior to beginning fludarabine and cytarabine. Response assessments took place after count recovery. Sixteen patients were evaluable for response to single agent selinexor, and two achieved a CR without evidence of minimal residual disease by flow cytometry. Fifteen patients were evaluable for response to combination therapy, and seven (47%) achieved a CR/CRi, with five becoming minimal residual disease negative. Inhibition of the XPO1 protein correlated with achievement of response which was demonstrated by at least a twofold decrease in the XPO1 mRNA transcript [25] . A dose of 55 mg/m 2 was determined to be tolerable in combination with fludarabine and cytarabine and thus was the RP2D. Two patients developed reversible cerebellar toxicity that was at least possibly related to selinexor. The most common grade 3/4 nonhematologic toxicity was asymptomatic hyponatremia. A Phase II trial is currently being designed in a similar pediatric population to better assess the efficacy of this combination.
Fiedler et al. designed a Phase II clinical trial to assess the combination of selinexor with 7 + 3 using idarubicin as the choice of anthracycline in a multicenter, single arm study of adult patients with relapsed or refractory AML (NCT02249091) [26] . Two selinexor dose levels were studied in this trial; cohort 1 (n = 27) used 40 mg/m 2 twice weekly for 28 days during induction and cohort 2 (n = 15) used 60 mg twice weekly for 3 weeks during induction. Patients who achieved CR/CRi received consolidation with intermediate or high dose cytarabine in combination with selinexor in a manner similar to induction. Patients who did not proceed with allo-HSCT received selinexor as a maintenance therapy. A total 42 patients were enrolled, and were evaluable for response. Approximately 1/3 of patients had an adverse risk karyotype, and a similar number had relapsed after an allo-HSCT. The CR/CRi rates were 55 and 54% in cohorts 1 and 2, respectively. The most common selinexor-related AEs in both cohorts were nausea, vomiting and diarrhea. The investigators concluded that the combination of selinexor and 7 + 3 has an acceptable tolerability profile with a promising efficacy in a heavily pretreated AML population.
A combination of selinexor with CLAG induction (cladribine 5 mg/m 2 /d on days 4-8, cytarabine 2000 mg/m 2 /d on days 4-8 and granulocyte colony-stimulating factor 300 mcg/d on days 3-8) was also studied in a single arm, Phase II trial for adult patients with relapsed or refractory AML (NCT02416908) [27] . A total of 30 patients were enrolled with median age of 56 years. The majority of patients (63%) were in their first relapse, while 33% were refractory to their initial induction chemotherapy. The CR/CRi rate was 50%, and the early mortality (defined as death within 30 days of treatment initiation) was only 4%. Most common nonhematologic treatment emergent adverse events included anorexia with weight loss in 63% and nausea in 59%. The incidence of diarrhea was not reported. Of the first 25 patients treated on this trial, 60% were able to proceed to allo-HSCT [27] .
Another Phase I clinical trial combined selinexor with high-dose cytarabine (HiDAC) and mitoxantrone and enrolled 12 adult patients with newly diagnosed or relapse/refractory AML (NCT02299518). The median age was 61 years, and 67% were previously untreated. Selinexor was given at either 60 mg or 80 mg on days 2, 4, 9 and 11 of induction. Ten patients were evaluable for safety and efficacy, and five (50%) achieved a CR/CRi. No responses were seen in the four relapsed/refractory patients. The most common adverse events were myelosuppression and febrile neutropenia, and the median time to count recovery was 38 days [22] .
Selinexor in FLT3-mutated relapsed or refractory AML Data from Zhang et al. using murine models and primary AML patient samples demonstrated that selinexor has antileukemic activity in FLT3-mutant AML, including internal tandem duplication (ITD), tyrosine kinase domain (TKD) and compound mutations [28] . This antileukemic effect occurs via modulation of the cdk inhibitor, p27 and the antiapoptotic protein, MCL-1. Moreover, when combined with sorafenib, a multikinase inhibitor with activity against FLT3-ITD, the antileukemic effects were more pronounced with lower phosphorylation of FLT3 and a reduction in activation of downstream pathways. The combination of selinexor-and sorafenib-induced differentiation of the leukemic cells harbors the FLT3 mutation [28, 29] . To this end, Daver et al. designed a Phase I/II clinical trial of selinexor in combination with sorafenib for FLT3-mutated relapsed or refractory AML patients (NCT02530476) [30] . The RP2D of selinexor was 60 mg twice weekly in combination with sorafenib 400 mg twice daily, and early responses have been encouraging. Of the first 14 patients enrolled, four (28%) achieved CR/CRi. An additional two (14%) patients had ≥50% blast reduction. All six of these patients had received prior FLT3 inhibitor treatment. The most common grade 3/4 adverse events included bleeding (35%) and febrile neutropenia (28.6%). This study is continuing to enroll patients at this time [30] .
Selinexor as a post-transplant maintenance strategy Selinexor is also being explored as a post allo-HSCT maintenance strategy in a Phase I trial of patients with intermediate and high-risk AML and myelodysplastic syndrome (NCT02485535) [31] . Patients were enrolled 60-100 days after allo-HSCT. A total of nine patients were accrued between January 2016 and March 2017. Eligible patients had no evidence of graft-versus-host disease. The primary end point was the MTD of selinexor, which was 60 mg once a week. With a median follow-up of 359 days from transplant, the median duration of remission is 199 days (59-542). Two patients (22%) have relapsed thus far. One patient relapsed after two cycles and one after four cycles of treatment. Nonetheless, these data are still maturing and this trial is continuing to accrue patients in the expansion cohort to better characterize the toxicity profile and clinical efficacy [31] .
Selinexor in malignancies other than AML Apart from AML, selinexor is currently in early phase clinical trials in other malignancies. The efficacy of selinexor was assessed as monotherapy in patients with metastatic castrate-resistant prostate cancer that is refractory to antiandrogen therapies including abiraterone, enzalutamide, apalutamide or other investigational agents [32] . This Phase II study failed to achieve its primary end point of PFS and was terminated early after enrollment of 14 out of the planned 54 patients. A significant proportion of the patients (36%) developed grade 3/4 treatment-related serious adverse events including anorexia, nausea and fatigue. Efficacy data were not convincing to support further clinical investigation in this patient population. Vogl et al. assessed the efficacy of selinexor in combination with dexamethasone in relapsed or refractory multiple myeloma and reported encouraging clinical activity [33] . The Phase II clinical trial evaluated selinexor 80 mg and dexamethasone 20 mg given weekly in relapsed/refractory multiple myeloma patients resulting in an overall response rate of 21%. Moreover, in patients with high-risk cytogenetics (t [4;14] and del[17p]), the ORR was 35%. The median duration of response was 5 months with 65% of the responding patients still alive at 1 year. The most common grade 3 adverse events included thrombocytopenia, anemia, neutropenia, hyponatremia and fatigue. Such studies indicate varying clinical efficacy and tolerance across different malignancies, however the side effect profile is consistent in these various patient populations.
Second generation SINE KPT-8602
KPT-8602 is a highly potent, second-generation SINE with robust in vitro activity against AML blasts and leukemiainitiating cells as demonstrated by Etchin et al. [34] . This is an oral compound with similar pharmacokinetic properties to selinexor, however, it has a markedly reduced ability to penetrate the blood-brain barrier (30-fold less). Given that the dose-limiting toxicity of selinexor is resultant of CNS-mediated anorexia with weight loss and malaise, this new compound appears very promising [35] . Compared with selinexor, KPT-8602 exerted superior efficacy with preferential lethality against leukemia-initiating cells in the patient-derived xenograft murine models with minimal effects on the normal hematopoietic stem and progenitor cells. Moreover, the tolerability of KPT-8602 was better in patient-derived xenograft mouse models, likely due to the minimal CNS penetration as compared with selinexor [34] . Currently KPT-8602 is being investigated in multiple myeloma in Phase I/II clinical trial however it is not yet being studied in AML.
Future perspective
Deeper understanding of the biology of AML, and evolving knowledge about the mechanisms of resistance, has unlocked the doors to devising novel therapeutic approaches which may potentially lead to improved, individualized management. By forcing nuclear retention of signal-containing cargo proteins, including nearly all known TSPs and growth regulators, this novel approach of nuclear transport inhibition may have the ability to overcome resistance to traditional chemotherapy. Although selinexor is less likely to be utilized as a monotherapy, given the low remission rates in this setting, it has shown early potential to overcome treatment resistance when combined with the conventional cytotoxic chemotherapy. Moreover, given its ability to force nuclear retention of the XPO1 cargo protein NPM1, which is involved in ribosomal assembly and trafficking as well as DNA repair, this perhaps serves as a rational therapeutic strategy for NPM1 mut AML [36, 37] . Mutations in NPM1 create a biding site for XPO1 leading to its cytoplasmic translocation and functional deactivation, therefore targeting these leukemia cells with a SINE is a sensible approach [38] .
Conclusion
Altering the nuclear transport of various proteins, including many TSPs such as p53, NPM1 and NFκβ, plays a pivotal role in proliferation and propagation of leukemia stem cells and AML blasts, enabling resistance to traditional chemotherapeutic approaches. SINE provide a promising therapeutic strategy with favorable, early clinical efficacy, specifically when used in combination with traditional chemotherapeutic agents. Further identification of specific AML populations, based on cytogenetic and molecular characteristics, is necessary in order to determine which patients are most likely to benefit from this enticing therapeutic option. No writing assistance was utilized in the production of this manuscript.
